Crystal structures of bovine heart cytochrome c oxidase in the fully oxidized, fully reduced, azide-bound, and carbon monoxide-bound states were determined at 2.30, 2.35, 2.9, and 2.8 angstrom resolution, respectively. An aspartate residue apart from the O 2 reduction site exchanges its effective accessibility to the matrix aqueous phase for one to the cytosolic phase concomitantly with a significant decrease in the pK of its carboxyl group, on reduction of the metal sites. The movement indicates the aspartate as the proton pumping site. A tyrosine acidified by a covalently linked imidazole nitrogen is a possible proton donor for the O 2 reduction by the enzyme.
Cytochrome c oxidase, a key enzyme in cell respiration, catalyzes the reduction of O 2 to water at the site involving heme a 3 and Cu B (heme a 3 -Cu B site hereafter) by means of protons extracted from the matrix side of the inner mitochondrial membrane and electrons from cytochrome c, in a reaction that is coupled with proton pumping (1) . The crystal structures of a eukaryotic and a prokaryotic cytochrome c oxidase previously reported at 2.8 Å resolution ushered in a new era for cytochrome c oxidase research (2) (3) (4) .
For the proton pumping function of cytochrome c oxidase driven by the O 2 reduction, an acidic group in the protein must be accessible only to one of the two bulk water phases on both sides of the mitochondrial membrane in a certain oxidation state of the enzyme, and the accessible side must be switched to the other side by a change in the oxidation state, concomitantly with a significant change in the pK of the acidic group. The changes in accessibility and pK can be induced by very small conformational changes in the protein. Thus, careful comparison of the crystal structure in various oxidation and ligand-binding states at high resolution is indispensable for understanding the mechanism of proton pumping by this enzyme.
Crystallization conditions have been improved to provide crystals that diffract xrays up to 1.9 Å resolution (5) . Crystals of the fully oxidized, fully reduced, fully reduced CO-bound, and fully oxidized azidebound forms were prepared from the crystals of the fully oxidized form (5) . Intensity data and phase determinations of these states are summarized in Table 1 . The crystal structures were refined with the program XPLOR (6). The statistics of the structural refinement of these crystals are given in Table 2 .
Structure of the heme a 3 -Cu B site. (Fig. 1A) . This covalent linkage is also apparent in the electron density distribution of the fully reduced enzyme at 2.35 Å resolution and is consistent with the electron density maps of the fully reduced CO-bound form and the fully oxidized azide-bound form. The covalent linkage has been proposed also for the fully oxidized Paracoccus cytochrome c oxidase at 2.7 Å resolution (8). The covalent linkage suggests that the pK of the TyrOH is significantly lower than that of free TyrOH. Thus, a significant fraction of OH group of Tyr 244 may be in the deprotonated form even in the physiological pH.
The (F o Ϫ F c ) difference Fourier map (7) of the oxidized form (Fig. 1A) shows also a residual density between heme a 3 iron (Fe a3 ) and Cu B . The refined model for the residual electron density in the heme a 3 -Cu B site of the fully oxidized form (Fig. 1A  and Table 3 ) is a peroxide ligand bridging the two metals (9). The Fe a3 ™O distance is significantly longer than that found in Fe 3ϩ ™OH Ϫ compounds and is consistent with the high-spin heme a 3 present on the oxidized form (10). The O™O bond length (1.62 Å) is slightly longer than that of H 2 O 2 . One hydroxide ion and one water have been proposed for the ligands of the heme a 3 -Cu B site in the fully oxidized bacterial cytochrome c oxidase at 2.7 Å resolution (8). However, this model provides significantly higher residual density in an (F o Ϫ F c ) difference map than the peroxide model, that is, the bridging peroxide fits the electron density at 2.3 Å resolution significantly better than the hydroxide/water model.
The fully oxidized form given here is the enzyme preparation as purified from the tissue under aerobic conditions. In analogy to hemerythrin, in which the peroxide form is the stable oxygenated form (11), the bridging peroxide structure is consistent with the stability of the fully oxidized enzyme (12). The effect of x-ray irradiation under the present experimental conditions is negligible (13). The enzyme form is characterized by much slower reduction of heme a 3 (14) and much slower cyanide binding, compared with the enzyme under turnover conditions (15) . Thus, the form may not directly participate in the catalytic turnover (16) and is called alternatively the resting oxidized form (17) . The fully oxidized form directly involved in the catalytic turnover is called the oxygen pulsed form (18) (22) . In either mechanism, the life time of this hydroperoxo intermediate could be too short to detect consistently with the resonance Raman results (22) . Ad- Table 1 . Intensity data and statistics of phase determination for the fully oxidized, fully reduced, fully reduced CO-bound, and fully oxidized azidebound forms. Each structure was determined by multiple isomorphous replacement (MIR) (37 †Redundancy is the number of observed reflections for each independent reflection. ‡Completeness in a percentage of independent reflections observed.
, where I(h,i ) is the intensity value of the ith measurement of h and ͗I(h)͘ is the corresponding mean value of I(h) for all i measurements; the summation is over the reflections with I/ I larger than 1.0.
R iso : ⌺ F PH Ϫ F P /⌺F PH , where F PH and F P are the derivative and the native structure factor amplitudes, respectively.
where F H (Calc) is the calculated heavy-atom structure factor. The summation is over the centric reflections only.
#Phasing power is rms isomorphous difference divided by rms residual lack of closure.
dition of another three equivalents of electrons and protons to the hydroperoxo species drives the catalytic process, including the oxygen pulsed state (18) , to reproduce the original reduced species (Fig. 1B) 2ϩ in the fully reduced form without any ligand (in a five-coordinated ferrous high-spin state) is significantly closer to the porphyrin plane of heme a 3 than in the case of deoxy myoglobins (23) .
CO coordinates to Fe a3 in a bent end-on manner ( Fig. 2A and Table 3 ). The oxygen atom of CO is 2.5 Å away from Cu B and forms a distorted trigonal pyramid with the three imidazole nitrogen atoms in the base and the oxygen at the apex. This long bond length as a coordination bond suggests a very weak interaction between Cu B and the CO bound at Fe a3 , which is consistent with the infrared results (24) . The refined structure of the azide-bound form at 2.9 Å resolution shows that azide forms a bridge between Fe a3 and Cu B (Fig. 2B) . One end of the azide and three histidine imidazoles provide a distorted square planar coordination to Cu B in a manner similar to the peroxide binding in the fully oxidized form. The coordination structure of Cu B , which includes three imidazole ligands, is in contrast to the reported structure of the azide-bound form of the bacterial enzyme in which one of the histidine imidazoles is missing (3).
Other metal sites. An electron density peak with a trigonal bipyramidal coordination that includes peptide carbonyls of Glu 40 , Glu 45 , and Ser 441 , a water, and the side chain carboxyl of Glu 40 (a counterion) is reasonably assigned to a Na ϩ site (Fig.  2C) . The thermal factor for the metal site as a Na ϩ site supports this assignment (25). However, Ca 2ϩ ion can be accommodated at the site by a small conformational change in the ligands nearby. This finding is consistent with the recent report for competition between Na ϩ and Ca 2ϩ for binding to a common site (26). The metal site is apparent in all the crystal structures presented here. A corresponding metal site in the bacterial cytochrome c oxidase involves two counter ion ligands out of five ligands (8). The structure difference between bovine and bacterial enzymes could induce the dependency of the Ca 2ϩ effect on the biological species, recently reported (26).
The difference maps at 2.3 Å resolution show a structure of Mg 2ϩ coordinated by Glu 198 of subunit II, His 368 and Asp 369 of subunit I, and three water molecules (Fig.  2D) . Two out of three water molecules were Table 2 . Statistics of structural refinements of oxidized, reduced, CO-bound, and azide-bound forms. Each structure was refined by simulated annealing followed by positional and B factor refinements with XPLOR (6). (Fig. 3) . One of the amino acid residues in the segment, Asp
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, in the fully oxidized state is completely buried inside the protein (Fig. 3) . One of the oxygen atoms of the carboxyl group of Asp 51 , which is completely buried inside the protein in the fully oxidized state and does not contribute to the accessible surface calculated with a 1.4 Å probe, contributes to the accessible surface in the fully reduced state (Fig. 3) (27) . No other significant conformational change is detectable in the electron density distribution of the protein moiety.
Asp 51 , in the fully oxidized state, is connected with the matrix surface by a network that includes a peptide unit, hydrogen bonds, a cavity, and a water path (Fig. 4A) 38 is on the boundary of a large cavity that lacks any detectable electron density but is large enough to contain randomly oriented or mobile water molecules. The cavity is connected with the matrix surface by a water path, which includes some hydrophilic ami- , and water, respectively. The colors of the electron densities denote the crystals from which the densities are obtained: purple (A), from CO derivative crystal at 2.8 Å resolution; cyan (B), from azide derivative crystal at 2.9 Å resolution; and green (C and D), from the fully oxidized form crystal at 2.3 Å resolution. SCIENCE ⅐ VOL. 280 ⅐ 12 JUNE 1998 ⅐ www.sciencemag.org no acid side chains of helices XI and XII of subunit I (4) and the hydrophobic farnesyl group of heme a. The diameter of the tube at the narrowest point is approximately three-quarters the size of water. However, molecular dynamics calculations have shown that small molecules can travel through spaces much smaller than their row radii in static models (28). Thus, Asp 51 in the fully oxidized state can take up protons only from the matrix side but is inaccessible to the cytosolic side. The above hydrogen bond network was not described in (2), because Asp 51 at the cytosolic end of the network is inaccessible to the bulk water without movement of the peptide backbone (29). This network interacts with heme a at several points (Fig. 4A) , suggesting a function of the network under redox control. On reduction of this enzyme, the hydrogen bond between the peptide amide of Ser 441 and the carboxyl group of Asp 51 is broken, and Asp 51 loses its accessibility to the matrix side through the hydrogen bond network. The conformation of the segment from Gly 49 to Asn 55 seems to be determined only by the oxidation state of the metal sites, because the fully oxidized azide-bound form shows the conformation identical to that of the fully oxidized form, and the fully reduced CO-bound form provides the conformation of the fully reduced form. These properties strongly suggest that Cu B does not control the conformation of Asp 51 and that the conformation of the Asp 51 segment of the resting oxidized form, which is not involved in the catalytic turnover (16, 17) , is identical to that of the oxygen pulsed state, which is active under turnover conditions (18) .
The above results suggest the following redox-coupled proton pumping mechanism (Fig. 4B) . Asp 51 , in the fully oxidized state, is hydrogen-bonded with Ser 205 of subunit II and Ser 441 of subunit I each at both its hydroxyl group and its peptide amide. The protonated carboxyl group (-COOH) of Asp 51 in the fully oxidized state become accessible to the bulk water to release protons on reduction. Meanwhile, the carboxyl group breaks three hydrogen bonds out of four, leaving the one to the hydroxyl of Ser 441 . A water molecule is fixed with hydrogen bonds to Ser 205 at both its hydroxyl and peptide amide and to the peptide carbonyl of Ser 202 . On reoxidation of the enzyme, the fixed water is replaced by the 54 by means of a proton from the matrix side give the original structure of the fully oxidized state (Fig. 4B) .
The redox transition of heme a, which interacts with the hydrogen bond network between Asp 51 and the matrix surface as described above, is likely to contribute to driving the active transport of protons. The mechanism by which protons are released on oxidation of the enzyme, in contrast to the one presented in Fig. 4B , is also possible (30), consistent with biochemical results (31) .
The present results suggest a proton pumping site apart from the heme a 3 -Cu B site, in contrast to the direct coupling mechanism for the proton pumping in which one of the histidines liganded to Cu B serves as a proton carrier (32) . The latter mechanism is supported by the crystal structure of the azide-inhibited bacterial enzyme that lacks the electron density of one of the histidines coordinated to Cu B (3). Iwata and colleagues proposed a possible proton transfer path to the proton pumping site, His 290 (in the numbering of bovine heart enzyme), from Asp 91 via Glu 242 (3) . On the other hand, the crystal structure of bovine heart enzyme shows the electron density distribution for His 290 even in the azidebound fully oxidized form as described above. In any forms of bovine heart enzyme, the hydrogen bond network from Asp 91 ends at Glu 242 . No possible proton transfer path is detectable from Glu 242 to His 290 in the crystal structures of bovine heart enzyme. Furthermore, no fixed water connecting the two amino acids is detectable even in the crystal structures of bovine heart cytochrome c oxidase at 2.30 to 2.35 Å resolution. Thus, any crystal structure of bovine heart cytochrome c oxidase available at present does not support the proposal (33) for the proton transfer from Glu 242 to His 290 or to His 291 . Glu 242 is hydrogen bonded to the sulfur atoms of Met 71 , S␥-O distance of 3.2 Å, in any crystal structure given here, indicating that the carbonyl group is in COOH form, regardless of the oxidation and ligand-binding states, which is consistent with the recent infrared investigation (33) .
If the proton pumping pathway includes the O 2 reduction site (the heme a 3 -Cu B site), protons to be pumped must be sorted effectively from those for making water as suggested (32, 34) . Otherwise, the protons to be pumped are used for making H 2 O at the O 2 reduction site. However, the crystal structure of bovine enzyme shows no structure suggesting such a function.
All the amino acids in the network connected to Asp 51 in bovine heart enzyme are conserved in animals from human to sea urchin. However, Asp 51 and Tyr 54 are not conserved in plant and bacterial enzymes. These differences suggest an evolution in the proton pumping pathway. 25. The thermal factor calculated with Na ϩ ion for the electron density peak is almost identical with those of the ligand atoms, whereas a 10 to 15 Å 2 higher thermal factor relative to those of ligand atoms is obtained when Ca 2ϩ ion is used. The trigonal bipyramidal configuration suggests Na ϩ rather than Ca 2ϩ as the metal ion. The number of counter-ion in the ligands, only carboxyl group of Glu 40 , is also consistent with Na ϩ ion. 26. A. Kirichenko, T. V. Vygodina, H. M. Mkrtchyan, A. A.
Konstantinov, FEBS Lett. 423, 329 (1998). 27. When Gly-Asp-Gly is used as the standard for 100% accessibility, Asp 51 has an accessibility of 12% in the fully reduced state and 0% in the fully oxidized state (35) . This significant increase in accessibility from 0% upon reduction should be accompanied by a significant decrease in pK of the carboxyl group of Asp 51 . 28. D. A. Case and M. Carplus, J. Mol. Biol. 132, 343 (1979) . 29. The bottom half of the network (that is, the cavity and the water path) is common to one of the proton channels shown in figure 10B of (4) where Arg 38 is connected with Asp 407 at the matrix surface by hydrogen bonds and small cavities (2) . However, further refinement of the structure along the network reveals a water path that includes the hydrogen bond network. The other hydrogen bond network, a possible proton pumping path, which includes Asp 91 near the matrix end and Ser 142 on the cytosolic end (4), does not show any redox-coupled conformational change. Thus, regardless of the oxidation and ligand-binding states, the hydrogen bond network is disconnected at two points between Asn  98 and Ser  156 and between Ser   115 and Ser 142 , as described (4). However, we cannot exclude the possibility that the hydrogen bond network functions as a proton pumping site, because a conformational change, without any movement of peptide back bones, that forms a new hydrogen
